Raman scattering in osmium under pressure 
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The effect of pressure and temperature on the Raman-active phonon mode of osmium metal 
has been investigated for pressures up to 20 GPa and temperatures in the range 10-300 K. Un- 
der hydrostatic conditions (He pressure medium) the phonon frequency increases at a rate of 
0.73(5) cm _1 /GPa (T = 300 K). A large temperature-induced and wavelength-dependent frequency 
shift of the phonon frequency is observed, of which only a small fraction can be associated with 
the thermal volume change. The main contribution to the temperature dependence of the phonon 
frequency is rather attributed to non-adiabatic effects in the electron-phonon interaction, which 
explains also the observation of an increasing phonon line width upon cooling. The phonon line 
width and the pressure-induced frequency shift were found to be unusually sensitive to shear stress. 

PACS numbers: PACS: 62.50.+P, 78.30.Er, 63.20.-e, 63.20.Kr, 



Laser Raman scattering (RS) has been utilized in re- 
cent diamond anvil cell studies of the lattice dynami- 
cal properties of elemental metals at high pressuresi^ 
In metals, phonon RS is essentially restricted to first- 
order scattering by zone-center optical phonon modes 
because of the relatively weak Raman signals. There- 
fore, it is mainly the elemental hep metals (having one 
first-order Raman-active phonon mode) that have been 
investigated by high-pressure RS with a focus on phonon 
frequency changes which yield indirect information the 
pressure/ volume dependence of the elastic constant C44. 

The high resolution of RS also allows for an investiga- 
tion of the electron-phonon interaction which is of spe- 
cific importance to the lattice dynamics of metals. Mo- 
tivated by the early Raman studies on elemental met- 
als^ the effect of electron-phonon interaction on the long- 
wavelength optical phonon spectrum was studied theo- 
retically^ The central result is a prediction of a large 
non-adiabatic renormalization of the phonon spectrum 
and a strong dispersion of the optical phonon branch at 
very small phonon momenta, q < Tujq/vf, where loq is 
the bare phonon frequency and vp the Fermi velocity. 
At these small momenta, the phonon phase velocity is 
larger than the electronic one, which leads to a violation 
of the adiabatic approximation and disappearance of the 
electron-hole channels for the phonon decay. 

Most RS studies of elemental metals were conducted at 
room temperature where the effects of electron-phonon 
interaction vanish, partly due to the smearing of elec- 
tronic self-energy effects which depend on details of the 
electronic structure. There are only a few ambient- 
pressure experimental studies of the temperature and 
momentum dependences of the non-adiabatic effects in 
hep transition metals^SiLS These investigations revealed 
anomalies in the temperature and momentum depen- 
dences of the energy and line width of long-wavelength 
optical phonons. In particular, upon cooling they ev- 
idence an unusually large phonon frequency hardening 
and an anomalous increase of the phonon line width. 

Osmium is one of the better-investigated examples. 



Here, a large and strongly anisotropic dispersion duj/alq of 
the phonon frequency at small wave vectors q *=s 10 6 cm' 1 
was reported^ For transverse optical phonons it is larger 
than 10 6 cm/s and exceeds the typical dispersion of op- 
tical phonon branches in metals by two orders of magni- 
tude. This result is clearly reminiscent of the theoretical 
predictions for the case of non-adiabatic electron-phonon 
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Non-adiabatic processes were therefore 
proposed as the key effect to interpret the experimental 
observations for the hep transition metals^ but their sig- 
nificance was questioned in other studiesii*i2iiiii4 A cru- 
cial point is whether the large phonon frequency increase 
upon cooling originates simply from the common anhar- 
monic behavior (i.e., volume change as a function of tem- 
perature) or whether a non-adiabatic electron-phonon in- 
teraction plays the dominant role. A high-pressure ex- 
periment offers the possibility to answer this question 
by determining the isothermal volume dependence of the 
relevant phonon frequencies. 

The non-adiabatic effects are expected to be influenced 
by the application of pressure, through a modification of 
the electronic band structure near the Fermi level. Be- 
sides, ambient-pressure results^i^ imply that the main 
channel of the optical phonon damping in transition met- 
als is a decay into electron-hole pairs rather than into a 
continuum of low energy phonons. This situation may 
also change under pressure, leading to a modification 
of the temperature behavior of the phonon self-energies. 
Therefore, high-pressure Raman measurements need to 
be performed in a wide temperature range from ambient 
down to liquid-helium temperatures in order to observe 
clearly the modification of the Raman spectra due to low- 
energy electronic excitations and associated changes in 
the phonon self-energy. 

In this work we report the effect of pressure (up to 
20 GPa) and temperature (10-300 K) on the Raman re- 
sponse of osmium metal. The electronic structure of os- 
mium (5d 6 6s 2 ) is characterized by a multi-sheet Fermi 
surfacei 15 : 16 ' 17 The optical properties were studied ex- 
perimentallyiS and discussed on the basis of electronic 
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FIG. 1: (Color online) (a) Room-temperature Raman spectra of osmium at selected pressures, measured in z(xy)~z polarization. 
Helium was used as a pressure-transmitting medium and the spectra were excited at 514 nm. (b) Raman line frequency and 
Lorentzian line width (see text) of osmium as a function of pressure (T = 300 K, A = 514 nm). Data were measured for both 
up- and down-stroke. A few data points recorded with a methanol/ethanol medium (up to 9 GPa) are included, (c) Same as 
(b) but for a KC1 pressure medium. Two excitation wavelengths, 514 and 647 nm, were used. Lines represent the interpolated 
results from the runs with He and methanol/ethanol pressure media, cf. (b). 



band structure calculations. 16-17 The lattice dynamics 
was studied at ambient pressure by Raman^ and micro- 
contact spectroscopy^ The mode Griineisen parameter 
of the Raman-active phonon was estimated in a recent 
pressure experiment up to 4 GPa^S Osmium exhibits 
a very low compressibility ^LS^Sl only 10% larger than 
that of diamond. The central aim of our study is to 
assess the relative importance of anharmonicity versus 
non-adiabatic electron-phonon interaction. The experi- 
mental results are used to test the conclusions of previ- 
ous ambient-pressure Raman studies regarding the im- 
portance of non-adiabatic effects. 

Plates of osmium single crystals with [0001] orienta- 
tion were thinned to 20 /im thickness by a combina- 
tion of mechanical and electro-polishing. The high pu- 
rity of the crystals ( "clean limit regime" ) is indicated 
by the resistivity ratio P3ook/P4.2K > 1000. The sam- 
ples were loaded into a diamond anvil cell and placed in 
an optical cryostat covering the 10-300 K temperature 
range. Three different pressure-transmitting media were 
used in the experiments: helium, a 4:1 methanol-ethanol 
(M/E) mixture, and KC1. Helium was used as a pres- 
sure medium to provide hydrostatic conditions at low 
temperatures. Pressures were determined by the ruby 
luminescence method^ with correction for the tempera- 
ture dependence of the ruby emission wavelength. 25 Ra- 
man spectra were recorded in quasi-backscattering ge- 
ometry using a triple-grating spectrometer (Jobin Yvon 
T64000) equipped with a liquid-nitrogen-cooled CCD de- 
tector. Argon (514 nm) and krypton (647 nm) ion laser 
lines at powers of 40 mW were used for excitation. The 



focal spot on the sample was about 50 fim in diame- 
ter. A spectrometer bandwidth of 2.5 cm -1 was chosen 
as the optimum compromise between spectral resolution 
and Raman intensity. 

Figure nja) shows selected high-pressure Raman spec- 
tra of a single crystal of osmium measured at room tem- 
perature using the 514-nm excitation and helium as the 
pressure-transmitting medium. A single symmetric Ra- 
man mode is observed (for the polarization configurations 
z{xx)~z and z{xy)~z) which shifts to higher frequencies 
with increasing pressure. The Ei g vibration corresponds 
to an anti-phase displacement (in the basal plane) of the 
two atoms of the unit cell. In order to determine accu- 
rately the peak position and phonon line width, the spec- 
tra were fitted using a Voigt peak profile, i.e. a Lorentzian 
convoluted with a Gaussian, where the width of the latter 
corresponded to the spectral resolution (2.5 cm -1 ). 

Figure^b) shows the phonon frequency and line width 
as a function of pressure, obtained in several runs at room 
temperature and using the 514-nm excitation. The data 
recorded with the M/E pressure medium (up to 9 GPa) 
are consistent with the results using helium. Some mea- 
surements with excitation at 647 nm gave (within the 
experimental uncertainty) the same frequencies; the line 
widths were approximately 1 cm -1 larger at the highest 
pressure. 

The pressure dependence of the Raman mode fre- 
quency is described well by a second order polynomial 
uj(P) = lu + aP + (3P 2 with lu = 164.9(1) cm" 1 , a 
= 0.73(5) cm-yGPa, and (3 = - 0.008(3) cm-VGPa 2 . 
The frequency at zero pressure agrees with earlier re- 
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suits obtained with the same laser wavelengthA& From 
the initial rate a = (du) / dP) p = o and a bulk modulus 
value of B = 400(10) GP a 22 i 2 ? we determined the mode 
Griineisen parameter 7 = —d\nuj/d\nV = 1.77(12). 
This value is significantly larger than estimated from a 
previous experiment up to 4 GPa.Si The phonon line 
width increases by less than 1 cm -1 up to the highest 
pressure of 14 GPa. In the run with helium pressure 
medium we noticed an increased phonon line width when 
the pressure was released below 9 GPa. The origin of the 
broadening remains uncertain at this point. 

The pressure dependences of phonon energy and line 
width obtained when using the KC1 pressure medium are 
presented in Fig.QJc) together with the fitted curves from 
Fig.HJb) for the He and M/E runs. When using KC1, a 
solid but relatively soft medium, the phonon frequency 
increases sharply above 15 GPa and shows kinks near 
15 and 5 GPa for the down-stroke. The phonon line 
widths are larger by ^25% than in the He run, even at 
low pressures. These effects appear to result from non- 
hydrostatic strain and indicate a high sensitivity of the 
osmium properties to shear stress. It should be men- 
tioned that no such effect was observed for rhenium and 
ruthenium, which were studied to much higher pressures 
without using any pressure transmitting medium. 1,2 

The temperature dependences of the phonon energy 
and line width are shown in Fig. [21 a) for two pressures 
and two excitation wavelengths (514 and 647 nm). A 
strong dependence of the phonon frequency on the ex- 
citation energy is evident from Fig. ffia). in agreement 
with previous work£ The result was interpreted as a 
manifestation of a strong phonon dispersion vs probed 
wave vector q. (One should note here that the variation 
of q with the wavelength A of the incident radiation is 
larger than q oc 1/A due to the wavelength dependence of 
the optical properties of the metal. The spectra taken 
with 514-nm and 647-nm excitation probe wave vector 
distributions with q max equal to 1.64 x 10 6 cm -1 and 
1.01 x 10 6 cm" 1 , respectively. The previous ambient- 
pressure experiments on osmium^ indicated that in the 
first case (514 nm) the incident radiation probes the adi- 
abatic range of momenta, q > qo = Hloq/vf while in the 
second case (647 nm) one probes excitations near q$. 

Figure EJa) demonstrates that the application of pres- 
sure has only little effect on the phonon dispersion (i.e., 
dependence on excitation wavelength at low tempera- 
tures) and the temperature dependence of the phonon en- 
ergies. The temperature-induced shifts between 300 and 
10 K amount to 3-4 cm -1 for excitation at 514 nm and to 
6-7 cm -1 for excitation at 647 nm. These values can be 
compared with the expected phonon frequency shift due 
to thermal expansion. The volume change between 300 K 
and 10 K amounts to less than 0.4%^ With the mode 
Griineisen parameter 7 — 1.77(12) determined above we 
arrive at an expected frequency increase of 1.3 cm" 1 due 
to thermal contraction between 300 and 10 K. In con- 
trast, the actually observed temperature-induced shifts 
are larger by factors of 3 and 5 for excitation at 514 
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FIG. 2: (Color online) (a) Raman peak position and (b) Ra- 
man line width of osmium as a function of temperature mea- 
sured at and 12.6 GPa with 514 nm (circles) and 647 nm (tri- 
angles) excitation wavelengths. Helium was used as pressure- 
transmitting medium. Lines are guides to the eye. 



and 647 nm, respectively. Thus, only a small part of 
the temperature-induced shift can be attributed to the 
change in volume. 

The unusual increase in phonon line width with de- 
creasing temperature and the pronounced dependence 
on the excitation wavelength persist under pressure 
[Fig- Gib)]- It suggests that the contribution of multi- 
phonon decay to the phonon line width is negligible (even 
if modified under pressure) . Altogether, the experimental 
results presented here yield direct evidence that the usual 
anharmonic processes are not the main cause of the large 
phonon hardening upon cooling. They rather support the 
picture that non-adiabatic effects in the electron- phonon 
interaction play a dominant role and lead to the observed 
anomalies in the phonon self-energies. 

Finally, we consider a possible relationship between 
non-adiabatic electron-phonon interaction and a high 
sensitivity to non-hydrostatic stresses of the phonon self- 
energies in osmium. The observation of increased line 
widths in the spectra measured at 12.6 GPa [especially 
with 647-nm excitation, cf. Fig. |3[b)] is an indication 
of the non-adiabatic effects being influenced by hydro- 
static pressure, even at room temperature. The applica- 
tion of pressure thus seems to affect those details of the 
electronic band structure near the Fermi level that cause 
the non-adiabatic effects. In the case of non-hydrostatic 
compression, the electronic band structure details may, 
on the one hand, be modified due to a change in the 
c/a ratio. On the other hand, nonuniform stresses in the 
basal plane would result in a symmetry lowering which 
would split those bands that are normally degenerate in 
the Brillouin zone AHL plane of hep metals. In the case 
of osmium such bands intersect the Fermi level, and a 
shear-stress-induced splitting may thus have significant 
effect on the phonon self-energies. 
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In summary, by combining pressure- and temperature- 
dependent Raman scattering experiments on osmium sin- 
gle crystals we have shown that only a small fraction of 
the large temperature-induced frequency change can be 
associated with the thermal expansion. Our results cor- 
roborate the notion that both the large frequency varia- 
tion and the decrease of the phonon lifetime upon cooling 
originate from a non-adiabatic electron-phonon interac- 



tion. 
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